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0 Electromagnetic actuator. 



0 An improved electromagnetic actuator assembly 
is described. The assembly comprises a magnetic 
circuit for defining radially directed flux both In an 
Inward and outward direction, and a coil disposed in 
the flux paths and connect to receive a control signal 
so that a current can be applied in one direction 
through those portions of the coil disposed in the 
inward radially directed flux, and applied in the op- 
posite direction through those portions of the coll 
disposed in the outwardly directed flux so that the 
flux/Current products of the coil portions and asso- 
ciated flux are additive. 
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The present application is a continuation-in-part 
of U.S. Serial No. 238.925 filed August 31. 1988. 

The present invention relates generally to elec- 
tromagnetic actuator systems, and more particu- 
larly to an improved electromagnetic actuator as- 
sembly capable of providing relatively targe output 
forces in response to relatively low level electrical 
input signals. 

Electromagnetic actuators are well known. In 
many applications the output force of the actuator 
Is controlled by and a function of an electrical 
control signal and as such can be used in a variety 
of applications. Such actuators include linear ac- 
tuators, as well as angular actuators and can be 
employed in numerous applications. For example, 
as described in U.S. Patent Application Serial No. 
200.025. filed May 27. 1988 and assigned to the 
assignee of the present application (hereinafter re- 
ferred to as the "Prior Application*'), a linear ac- 
tuator is employed as part of an electromagnetic 
strut assembly in an active suspension system for 
controlling the level and orientation of a chassis of 
a motor vehicle relative to the vehicle frame. 

The active suspension system described in the 
Prior Application includes four such electromag- 
netic strut assemblies (one for each wheel) for 
controlling the orientation of the chassis relative to 
the frame of the vehicle. Each strut assembly com- 
prises a force transmitting device, in the form of a 
linear actuator, coaxially mounted and axially mov- 
able with respect to a single permanent cylindrical 
magnet. An electrical coil is wound around the 
magnet. One end of the strut assembly is coupled 
to the chassis of the motor vehicle, while the other 
end of the assembly is coupled to the wheel so 
that the strut member is movable with respect to 
the coil and magnet in response to relative move- 
ment between the chassis and wheel. The relative 
movement imparted between the strut member and 
the coil is a function of desired restorative force, 
which as described in the Prior Application is a 
function of the acceleration and deceleration forces 
applied along the axis and the relative positions of 
the chassis and frame along the axis. Accordingly, 
the assembly shown and described in the Prior 
Application, generates the control signal as a func- 
tion of the acceleration and deceleration forces 
applied along the axis and the relative positions of 
the chassis and frame along the axis so that the 
chassis is stabilized. As a result, the vehicle pro- 
vides a smooth ride combining the attributes of a 
soft ride of a luxury car and the stability of a sport 
car. 

While the active suspension system described 

in the Prior Application has many advantages, it 
has been found that using a single cylindrical mag- 
net in the magnetic circuit of the linear actuator of 
each strut assembly as described requires an ex- 
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cessive amount of current in order to provide the 
maximum amount of required restorative force at 
the output of each strut assembly. By way of 
example, a 1988 Chevrolet Corvette weighs ap- 

5 proximately 2800 pounds (1271.2 kilograms). The 
required amount of current necessary to maintain 
the chassis of a 1988 Chevrolet Corvette level 
during a 0.9 1g turn is estimated to be approxi- 
mately 120 amps for each strut. Further, since a 

to magnetic field of relatively high flux density is 
required, a suitable magnetic material must be 
provided, such as a neodymium-iron-faoron alloy. 
However, such material is extremely expensive, 
heavy, and contributes greatly to the overall cost of 

/5 the strut assembly. 

Accordingly, it is an object of the present in- 
vention to provide an improved actuator assembly 
which reduces or overcomes the above-noted prob- 
lems. 

20 Another general object of the present invention 

is to provide an improved electromagnetic actuator 
assembly capable of providing relatively large out- 
put forces in response to relatively small level 
control signals. 

25 And another object of the present invention is 

to provide an improved electromagnetic actuator 
assembly which is relatively lighter. in weight than 
the prior art type of actuator described above. 

Still another object is to provide an improved 

30 electromagnetic linear actuator assembly which can 
be utilized in an electromagnetic strut assembly of 
the type descnbed in the Prior Application. 

Yet another object of the present invention is to 
reduce the required level of control current and the 

35 amount of magnetic material" required for each 
electromagnetic strut assembly of the type de- 
scribed in the Prior Application, and yet provide the 
required electromagnetic forces at the output of the 
assembly. 

40 And still another object of the present invention 

is to reduce the weight and expense of the elec- 
tromagnetic strut assembly of the type described in 
the Prior Application. 

And yet another object of the present is to 

45 provide an improved electromagnetic circuit for use 
in the strut assembly of the type described in the 
Prior Application. 

And still another object of the present invention 
is to provide an improved active suspension sys- 

50 tem for a motor vehicle. 

These and other objects of the present inven- 
tion are achieved by an improved actuator assem- 
bly. The preferred embodiment of the assembly 
comprises a magnetic circuit for defining radially 

55 directed flux both in an inward and outward direc- 
tion, and a coil disposed in the flux paths and 
connected to receive a control signal so that a 
current can be applied in one direction through 
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those portions of the coil disposed In the inward 
radially directed flux, and applied in the opposite 
direction through those portions of the coil dis- 
posed in the outwardly directed flux so that the 
flux/current products of the coil portions and asso- 
ciated flux are additive. 

Other objects of the invention will in part be 
obvious and in part appear hereinafter. The inven- 
tion accordingly comprises the apparatus possess- 
ing the construction, combination of elements, and 
arrangement of parts exemplified in the following 
detailed disclosure, and the scope of the applica- 
tion of which will be indicated in the claims. 

For a fuller understanding of the nature and 
objects of the present invention, reference should 
be had to the following detailed description taken in 
connection with the accompanying drawings 
wherein: 

Fig. 1 is a block diagram of the active sus- 
pension system of the Prior Application modified to 
incorporate the present invention; 

Rg. 2 is an outlined perspective view of an 
automobile equipped with the active suspension 
system comprising the present invention; 

Fig. 3 shows a schematic view of an auto- 
mobile subjected to external forces Illustrating the 
need for the present invention; 

Fig. 4 Is a cross sectional view of the pre- 
ferred embodiment of the linear' actuator of the 
present invention; 

Fig, 5 is a cross-sectional view taken along 
line 5-5 in Fig. 4; 

Fig. 6 is a cross-sectional view taken along 
line 6-6 in Fig. 4; 

Fig. 7 is a detail cross-sectional view of the 
electromagnetic components of the linear actuator 
of Fig. 4; and 

Fig. 8 is a cross sectional view of the pre- 
ferred embodiment of the angular actuator of the 
present invention. 

In the drawings the same numerals are used to 
refer to like parts. 

In general, the present Invention utilizes mag- 
netic circuit means for defining a magnetic circuit 
with multiple flux paths and current coils such that 
the flux/current products are additive so as to cre- 
ate a large concentration of flux in a relatively small 
area and thus provide an efficiently designed ac- 
tuator. The magnetic circuit means is cooperative 
with a member so that the magnetic circuit means 
and member are movable relative to one another 
along an axis of relative movement in response to 
an electrical signal. The axis of relative movement 
will be linear when the actuator is designed as a 
linear actuator, or curved about a center of cur- 
vature when the actuator is designed as an angular 
actuator. The magnetic circuit means includes 
magnet means for establishing substantially con- 



stant flux through each of a plurality of magnetical- 
ly conductive cylindricai sections axially spaced 
relative to one another along the axis of relative 
movement so that flux is radially directed through 
5 some of the cylindrical sections in an inward radial 
direction and flux is radially directed through the 
other of the cylindrical sections In an outward radial 
direction. 

Referring generally to the drawings, the pre- 

to ferred embodiment of the linear actuator assembly 
version of the present invention is particularly 
adapted for use as part of. and has significant 
advantages in an electromagnetic strut assembly in 
a motor vehicle, and will be described for purposes 

IS of illustration in that context, although it should be 
evident that the present invention has many other 
applications. Thus, in Fig, 1. the linear actuator 
system of the present invention is constructed as a 
strut assembly 10, for use at each wheel of a 

20 vehicle. As described in the Prior Application and 
illustrated in Fig. 1 , a separate strut control system 
or processor 14 is used to control the operation of 
each strut assembly so as to maintain the chassis 
■ at a preselected orientation and position, preferably 

35 at its preset orientation and position level relative to 
level ground. 

Generally, each strut assembly responds to an 
electrical control signal generated by the respective 
processor 14 in response to forces sensed along 

30 the center strut axis 18 of the corresponding strut 
assembly and the position of the frame relative to 
the wheel. The strut assembly 10 accordingly is 
additionally provided with sensing means, such as 
an LVDT 18, for sensing the relative positions of 

35 the wheel and frame of the chassis where the 
assembly is connected, and second sensing 
means, such as an accelerometer 20. for sensing 
forces externally applied to the assembly axially 
along the strut axis 16, Each strut assembly 10 is 

40 substituted for a shock absorber and corresponding 
coil spring of the type used in passive suspension 
systems so as to provide a four strut active sus- 
pension system as illustrated. Accordingly, a hub 
assembly 12 is provided at one end of the strut 

45 assembly 10 so that the latter can be connected to 
a respective wheel 6 and appropriate coupling 
means 22 for coupling the opposite end of the 
assembly 10 to the chassis 8 of the vehicle, as 
best shown in Rg. 2. It is believed that under 

so normal^requirements each assembly 10 and-cor- 
responding processor 14 can operate Independent- 
ly of one another. Under special circumstances, 
however, should the control of the relative position 
of each wheel 6 and chassis 8 be dependent on 

55 information sensed at one or more of the other 
wheels, the processors 14 can be networked In a 
manner well known in the art. The active suspen- 
sion system is described in greater detail in the 
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Prior Application and details of the improved strut 
assembly are described hereinafter. 

The advantages of a linear actuator designed in 
accordance with the present invention over the 
linear actuator arrangement employed in the active 
suspension system described in the Prior Applica- 
tion will be evident from an analysis of the forces 
applied to a vehicle when the latter lakes a turn 
and using those forces to determine the require- 
ments of the electromagnetic linear actuator pro- 
vided in the active suspension system and latter 
showing an equivalent linear actuator designed in 
accordance with the present invention and the re- 
sulting comparative advantages. 

More specifically.- referring to Rg. 3. a simpli- 
fied version of a force diagram Illustrates the var- 
ious forces applied to a vehicle when the latter 
makes a turn. Without an active suspension sys- 
tem, torque will be applied to the chassis 8 relative 
to the wheels 6 so that the chassis lilts as shown. 
As shown in the Fig. 3, Cm represents the center of 
mass of the vehicle, while c^ represents the roll 
center of the vehicle. The force formula indicated in 
Fig. 3 is derived in the following manner: 

(1) F,nci.on = mv2'r = ma 
wherein '*m" is the mass of the vehicle; 
"v" is the velocity of the vehicle; 

"r" is the radius of the turn the vehicle is perform- 
ing: and 

"a" is the lateral acceleration of the vehicle. 

It is known that the roll moment can be defined 
as follows: 

(2) Roll Moment = ^tncnon ' 'g 

wherein Ig is the height of the center of mass from 
the ground. 

The roll moment cancellation provided by the 
assemblies 10 is defined as follows: 

(3) Roll Moment Cancellation - 4 * Fgirut ' 'w 
wherein Fs,rui is the sum of the restorative forces 
applied along the axis 16 of the assemblies 10 for 
maintaining the level and orientation of the chassis 
8; and 

1^ is the distance from the center line of the vehicle 
to the center of any of the tire treads. 

Since the roll moment cancellation must equal 
and oppose the roll moment in order to keep the 
vehicle level throughout a maneuver, equation (2) is 
made equal to equation (3). 

(4) F,„c„on ' ir = 4 ' F^uut ' 

(5) F^c^i = (Fu.ct.on ' lgy{4 • Iw) 

(6) f,uut = (m - a ' lg)/(4 ' 

Thus, equation (6) can be used to determine 
the force which each strut would be required to 
exert in order to keep a vehicle level during a 
turning maneuver. For example, as indicated' 
above, a 1988 Chevrolet Con/ette weighs approxi- 
mately 2800 pounds (1271.2 Kgms). The maximum 
amount of g force that can be produced by such a 



vehicle is about 0.91 g. Ig is about 18.3 inches 
(0.4648 meters). 4 is placed in the denominator to 
correspond to the four wheels of the vehicle. Fi- 
nally. L is 30 inches (0.762 meters). Therefore: 
5 (7) F = (1271.2 -0.91 • 0.4648)/(4 ' 0.762) = 
176.41 kg (388.57 lbs). 
Converting to newtons: 

(8) 388.57 lbs ' 4.45 Newtons/lb = 1729.14 
Newtons. 

to With the maximum strut force determined, the 

goal is to obtain a peak current in the coil assem- 
bly of the strut assembly (to be described 
hereinafter) (a) for providing the required force, and 
(b) easily supported by the current electrical sys- 

15 tem of a Corvette. A goal of a maximum 16 amps 
per strut was chosen. Since Lenz's Law is given by 
the following equation: 

(9) F = i(C-N) X B 
wherein F = the strut force; 

20 i = the current in the coil (in Amps): 

C = the circumference of the coil (in meters); 

N = the number of turns in the coil; and 

B = the flux density (in Teslas); 

the amount of magnetic material easily can be 

25 determined as a function of the size of the coil 
(both in terms of its circumference and number of 
turns). Just as important is the weight constraints of 
the active suspension system. 

Constructing the strut assemblies as shown in 

30 the Prior Application with a' single coil would pro- 
vide a relatively heavy strut assembly requiring a 
relatively high level of current in which the mag- 
netic material alone would weigh approximately 
100 pounds. Preferably, the strut assemblies, in 

35 such a vehicle as a Corvette, should weigh as little 
as possible, so as to add as little mass as possible 
to the vehicle. Thus, the actuator assembly of the 
present invention is designed to provide the de- 
sired restorative forces with less magnetic material 

40 and less current than that provided by the type of 
strut assembly shown in the Prior Application, and 
at the same time keep the height of the strut 
assembly at a predetermined dimension. 

The preferred embodiment of the linear ac- 

45 luator assembly as an electromagnetic strut as- 
sembly is shown in greater detail in Figs. 4-7. The 
linear actuator generally includes the inner cylin- 
drical assembly 30 (secured to support rod 68) and 
the outer cylindrical assembly 32 (secured to the 

so support disk 36). The inner and outer cylindrical 
assemblies are cooperative so as to define an axis 
of relative movement 34 so that the inner assembly 
slides relative to the outer assembly along the axis 
34. As will be seen in greater detail the two assem- 

55 biles are movable relative to one another along the 
axis 34 in response to and as a function of a 
control signal. 

The linear actuator is shown disposed in a strut 
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assembly of the type described In the Prior Ap- 
plication. The strut assembly, generally indicated at 
10 in Fig. 4. includes the inner and outer cylindrical 
assemblies 30 and 32. The outer cylindrical assem- 
bly 32 is fixed at one end to suitable means, such 
as the disk 36, for securing the outer assembly to 
the LVDT 18. The disk 36 is provided with an 
annular seat 38 for receiving one end of the coil 
spring 40. The assembly is suitably coupled to the 
frame of the vehicle as indicated by the hub as- 
sembly 12 so that the outer cylindrical assembly 
moves with the frame as the frame moves relative 
to the chassis along axis 34. The top end of the 
outer cylindrical assembly is provided with an ap- 
erture fitted with an annular bearing assembly 42. 

The outer cylindrical assembly 32 includes a 
plurality of coil assemblies 44 (three being shown 
at 44a, 44b and 44c in Rg. 4) of wound electrically 
conductive wire suspended in the outer cylindrical 
assembly from the top and bottom of the assembly 
by any suitable means, such as stiff suspension 
members 46 made of electrically non-conductive 
material. The coil assemblies each include at least 
one layer of coil, and preferably a plurality of layers 
of coil, wound on a suitably stiff member(s) such 
that a portion of each coil assembly is physically 
exposed from the inside and outside of the assem- 
bly along an axial line so that the brushes 80 (best 
shown in Fig. 7) can electrically engage both sides 
of the coil assembly as the brushes move relative 
to the coils assemblies, as described in greater 
detail hereinafter. Accordingly, the stiff member 
can take the form of a stiff sleeve 47 (also best 
shown in Fig. 7) made of a suitable electrically 
non-conductive and magnetically- conductive ma- 
terial, such as a graphite composite. The sleeve 
can be provided with longitudinal slots 49 (see Fig. 
5). running parallel to the axis 34. and sufficiently 
wide enough to allow brushes 80 to extend Into the 
slots and engage the wire wound over the slots. 
Each coil of each coil assembly is uniformly wound 
on the outer cylindrical surface of the correspond- 
ing sleeve with the same size wire. The suspension 
members 46 are preferably elongated elements 
disposed parallel to the axis 34. 

The coil assemblies are preferably each of the 
same axial length, with the sleeve 47 being rela- 
tively stiff so that when supported by the member 
46 the coil assemblies are relatively immovable, 
both axially and radially. The coil assemblies are 
suspended so that they are coaxial about the axis 
34. radially spaced from one another, and posi- 
tioned along the axis 34 at the same axial positions 
so that the inner coil assembly 44a is positioned 
within the intermediate coil assembly 44b and the 
intermediate coil assembly is positioned within the 
outer coil assembly 44c. 

The inner cylindrical assembly 32 includes 



disks 48a and 48b respectively at the upper and 
lower ends of the assembly. As shown in Fig. 6, 
the disks are provided with a plurality of apertures 
50 for respectively accommodating the suspension 

5 members 46 so that the inner cylindrical assembly 
can move axially along axis 34 relative to the coil 
assemblies 44 and members 46. 

The inner cylindrical assembly also preferably 
includes a center core member 52 disposed co- 

70 axially with the axis 34 within the coil assembly 
44a, and an outer cylinder 56 disposed coaxially 
with the axis 34 outside the outer coil assembly 
44c. Both core member 52 and cylinder 56 are 
made of a magnetically conductive material such 

;s as soft iron. 

In addition inner cylindrical assembly com- 
prises intermediate cylinders 54a and 54b between 
the spaces between the coil assemblies so that, as 
shown, intermediate cylinder 54a is disposed be- 

20 tween inner and intermediate coil assemblies 44a 
and 44b. and cylinder 54b is disposed between 
intermediate and outer coil assemblies 44b and 
44c. The intermediate cylinders 54 include at least 
one and preferably a plurality of cylindrical mag- 

25 nets 58 made of a permanently magnetized ma- 
terial (as shown each includes a pair of cylindrical 
magnets, an upper cylindrical magnet 58a and low- 
er cylindrical magnet 58b. each typically made of a 
relative a magnetic material providing a high flux 

30 density, such as neodymium-iron-boron or 
samarium cobalt). The magnets 58a and 5*8b are 
stacked axially one on top of the othei'. as shown in 
Fig. 4. and are separated by an annular ring 60 of 
magnetically nonconductive and electrically con- 

35 ductive materia! (such as aluminum), as best 
shown in Fig. 7. In addition, the intermediate cyl- 
inders 54 include cylindrical elements 62 disposed 
at the upper and lower ends of the cylinders on 
opposite sides of the magnets 58. The elements 62 

40 are made of a magnetically conductive material 
and are also each separated from the adjacent 
cylindrical magnet 58 by annular rings 60 as best 
shown in Fig. 7. 

As shown in Figs. 4 and 6, the center core 

^5 member 52, intermediate cylinders 54a and 54b 
and cylinder 56 are suspended in the inner cylin- 
drical assembly 32 from the top and bottom disks 
48a and 48b by any suitable means, such as stiff 
cylindrical suspension elements 66 made of elec- 

50 trically and magnetically non-conductive material, 
such as aluminum so that member 52 and cyl- 
inders 54 and 56 move together relative to the 
outer cylindrical assembly. The suspension ele- 
ments 66 are also coaxially arranged with respect 

55 to the axis 34 and are fixed to the respective disks 
48a and 48b between the apertures 50 so that the 
elements 66 do not interfere with the suspension 
elements 46 supporting the coil assemblies 44. 
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The member 52 and cylinders 54 and 56 are al) 
substantially of the same axial length and are sus- 
pended so that Ihey are all coaxial with the axis 34 
and radially spaced from one another. The member 
52 and cylinders 54 and 56 are positioned along 
axis 34 at the same axial positions so that the inner 
core member 52 is positioned within the cylinder 
54a. the latter is positioned within the cylinder 54b. 
while cylinder 54b is positioned within cylinder 56. 

The axial length of the core member 52 and 
each of the cylinders 54 and 56 is dimensioned 
relative to the coil assemblies 44 so that (a) the 
length of each of the coil assemblies is equal to the 
length of the core member 52 (and cylinders 54 
and 56) plus the required overall strut axial travel, 
as will be apparent hereinafter, and (b) the core 
member 52 and cylinders 54 and 56 are always 
disposed within the coil assemblies with a portion 
or con assemblies 44a, 44b and 44c divvay:i dis- 
posed along the entire axiai length of the core 
member and cylinders. Thus» a portion of coil as- 
sembly 44a is always disposed entirely between 
the core element 52 and the intermediate cylinder 
54a for the entire axial length of the element and 
cylinder, a portion of coil assembly 44b is always 
disposed entirely between the intermediate cylinder 
54a and intermediate cylinder 54b for the entire 
length of the two intermediate cylinders, and a 
portion of coil assembly 44c is always disposed 
between the intermediate cylinder 54b and the 
outer cylinder 56 for the entire length of the inter- 
mediate cylinder and the outer cylinder over the 
entire length of relative travel between the coil 
assemblies, and the cylinders and core member. 
The direction of the wire of the coil assembly, and' 
therefore the current flowing through the coil wires, 
will always be parallel to the outer cylindrical sur- 
face of the core element 52. the inner and cuter 
cylindrical surfaces of the intermediate cylinders 
54a and 54b and the inner surface of the cylinder 
56 (and thus perpendicular to any flux passing 
through those surfaces at a 90 ' angle, as will be 
apparent hereinafter). 

When using the linear actuator as part of a 
strut assembly, the inner cylindrical assembly 32 is 
suitably coupled to the chassis 8 so that the as- 
sembly will move along the axis 34 with the chas- 
sis relative to the outer cylindrical assembly 30 
when there is relative movement between the chas- 
sis and frame along axis 34. Preferably, rod 68 is 
fixed to the center of the upper disk 48 and ex- 
tends through the bearing assembly 42 where it is 
suitably secured to the accelerometer 20 and the 
mounting bracket 70. The latter can be secured 
directly to the chassis. 

A plate 76 is also fixed to the rod and includes 
an annular seat 78 for receiving the other end of 
the coil spring 40 so that the coil spring is under 



BNSOOCIO: <EP_0361670A2_L> 



compression and provides an axial force between 
the inner and outer cylindrical assemblies 30 and 
32 along the axis 34. 

The structure for applying the control signal to 
5 control the relative positions between the inner 
cylindrical assembly and the outer cylindrical as- 
sembly, and the resulting electromagnetic circuits, 
is best shown in Fig. 7. More particularly, the axial 
length of the core member and cylinders 54 and 56 

to are divided into a plurality of sections separated by 
annular rings 60. Specifically, rings 60 are provided 
on the top and bottom of each of the core member 
52 and cylinders 54 and 56. Rings 60 are also 
provided at the center of the core member and at 

15 the center of the cylinders 54. between the mag- 
nets 58a and 58b. In addition, rings are provided 
between each of the magnets 58 and adiacent 
cylindrical elements 62, and in the cylinder 56 
fadiaiiy opposite the iasc mentioned rings of me 

20 cylinder 54. The core element and cylinders are 
thus divided into four cylindrical sections, axially 
stacked upon one another, which for purposes of 
illustration will be referred to as the first, second, 
third and fourth cylindrical sections numbered from 

25 the top. 

Two primary control contact brushes 60a make 
point contact with the outer cylindrical surface of 
the coil assembly 44c at respective points between 
*the first and second and between the third and 

30 fourth cylindrical sections. Relay brushes^ 80b are 
provided in the top. middle and bottom rings 60 of 
the cylinder 54b extending radially outward from 
the cylinder through the slot 49 of the sleeve 47c 
into contact with the inner surface of the coil as- 

35 sembly 44c. In a similar manner, relay brushes 80b 
are disposed in two rings between the first and 
second and third and fourth sections of the cylinder 
54b. and extend radially inward and are urged into 
contact with the outer surface of the coil assembly 

40 44b. Relay brushes 80b are disposed in the upper, 
middle and bottom rings 60 of the cylinder 54a and 
extend radially outward and are in point contact 
with the inner surface of the coil assembly 44b 
through the slot 49 of the sleeve. 47b. Relay 

<iS brushes are provided between the first and second 
and between the third and fourth sections of the 
cylinder 54a and extend radially inward into point 
contact with the outer surface of the coil assembly 
44a. Finally, ground brushes 80c are disposed in 

50 the top. middle and bottom rings 60 of the core 
member and extend radially outward into the slot 
49 of the sleeve 47a into contact with the inner 
surface of the coil assembly 44a. The brushes 80c 
are suitably connected to system ground. The pri- 

55 mary control drive brushes 80a are suitably con- 
nected to receive the control signal. The brushes of 
cylinder 54a are connected together, as shown. 
Similarly, the brushes of cylinder 54b are con- 

6 
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nected together. As a result the control current 
flows from the brushes 80a to the brushes 80c 
through four series paths as indicated by the ar- 
rows In Fig. 7. 

The brushes 80 will remain in contact with the 
respective coii assemblies regardless of the axial 
position of the inner cylindrical assembly within the 
outer cylindrical assembly. In this regard, the entire 
axial length dimension of each of the coil assem- 
blies 44 is sufficiently long so that regardless of the 
position of the inner cylindrical assembly the 
brushes 80 will always be in contact with the coils 
of the respective coil assemblies. 

The control voltage representative of the res- 
torative force to be applied to the strut assembly 
10 is applied to every other brush of each of the 
cylinders so that as shown the brushes 80a receive 
the control voltage. Where the linear actuator of the 
present invention is employed as a electromagnetic 
strut assembly for use in an active suspension 
system of the type described in che Prior Applica- 
tion, control voltage is derived in the same manner 
as described in the Prior Application. The control 
voltage signal can be applied through wires se- 
cured along the suspension elements 48, through 
apertures 50 and along the suspension elements 
66 to the appropriate brushes 80a in a well known 
manner. The other ground brushes SOc are con- 
nected to system ground, also through suitable 
wiring similarly supported- In this way the electric 
current flowing through the section of the coil as- 
sembly between each pair of adjacent brushes of 
each cylinder will always be in one direction, with 
the direction of current reversing between adjacent 
sections. The flux through each of the four coil 
sections defined by the brushes 80 wilt also re- 
verse direction between an inwardly radial direction 
toward the axis 34 and an outwardly radial direction 
away from the axis 34 so that the force applied to 
the core member 52 along axis 34, by the flux 
through and current in each coil section, as defined 
by Lenz's Law defined by equation (9), above, will 
be additive. 

More specifically, since the direction of current 
reverses from coil section to coil section defined 
by the brushes with a corresponding change of 
direction of the flux B perpendicularly through each 
coil section the reverse magnitude of both will 
cancel so as to provide an accumulated force in 
the same direction along the axis 34. The accu- 
mulated force will be in an upward direction when 
the chassis is to be forced away from the frame, 
and in a downward direction when the chassis is to 
forced toward the frame. 

In the preferred embodiment, the center core 
member 52, outer cylindrical member 56 and up- 
per and lower cylindrical elements of the intermedi- 
ate cylinders 54 are each preferably made of a 



magnetically conductive material such as iron and 
thus provide flux return paths for the cylindrical 
magnets 58. The magnets 58a and 58b are prefer- 
ably made of a high permeability material produc- 

5 ing a relatively high flux density and force, as for 
example, a neodymium iron boron alloy (NdFeB) or 
samarium cobalt. The brushes are disposed In 
rings 60 of a magnetically impermeable electrically 
conductive material, such as aluminum. The coil 

10 assemblies 44 are made of highly conductive wire 
of square cross section, such as 26 gage copper 
wire and preferably are wrapped around each side 
of a cylindrical coil sleeve 47 made of non-mag- 
netic, electrically non-conductive material such as a 

IS suitable graphite composite. Preferably, more than 
one layer of coil, is provided around each cylin- 
- drical coii sleeve, with the preferred embodiment 
providing two layers for inner coil assembly 44a, 
five layers for intermediate coil assembly 44b. and 

20 three layers for outer coil assembly 44c. 

An example of a strut assembly constructed in 
accordance with the principles of the present in- 
vention includes a center core member 52 of a 
diameter of 2.5 cms. The inner intermediate cyl- 

25 inder 54a has an outer diameter of 5.57 cm. with a 
thickness of 1.25 cm. The outer intermediate cyl- 
inder 54b has an outer diameter of 9.49 cm. and a 
thickness of 1.25 cm. The outer cylinder 56 has an 
outside diameter of 11.59 cm. and a wall thickness 

30 of 0.625 cm. Each of the annular rings 60 is ap- 
proximately 1.0 cm. in axial length. The axial length 
of the core member 52 and cylinders 54 and 56 
are each 10 cms. The coil assemblies 44 are at 
least each 20 cms. in axial length to provide 10 

35 cm. total travel so that the brushes 80 will always 
make contact with the corresponding coil assem- 
blies regardless of the position of the inner cylin- 
drical assembly 30 relative to the outer cylindrical 
assembly 32. The suspension elements 66 are 

40 each approximately 10 cms. in length so that entire 
length of the strut assembly 1 0 is 30 cms. 

The preferred innermost coil assembly 44a in- 
cludes two layers of wire with 465 turns each for a 
total of 930 turns. The intermediate coil assembly 

45 44b has five layers of 465 wire turns each for a 
.total of 2325 turns. Finally, the outer coil assembly 
44c has three layers of 465 wire turns each for a 
total of 1395 turns. 

As apparent from the above description and 

so the drawings, not all of each of the coiLassemblies 
has current flowing through the wires at any one 
time. The brushes 80 restrict the flow of current 
through the particular coil sections defined by the 
axial positions of adjacent brushes contacting each 

55 coil assembly. The coil sections of each assembly 
are within th 10 cms. disposed between the core 
member, intermediate cylinders and outer cylinder 
at any one time. Thus, as shown the 10 cm length 
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is divided up into four flux areas, each of 2.35 cms. 
in axial length (after taking into account the annular 
rings 60). The top and bottom flux areas are iron- 
to-iron, while the two intermediate fiux areas are 
iron-to-magnet as shown in Rg. 7. 

The expected flux density between magnet and 
iron IS approximately 0.9 Tesla. 0.75 Tesia between 
two pieces of iron, and 1.15 Tesla between two 
pieces of magnet. The width of each of the air 
gaps between the core member, the intermediate 
cylinders and the outer cylinder is determined by 
multiplying the number of layers by the diameter of 
the wire and a factor of 1.1 in order to provide 
sufficient room. The number of turns per layer in a 
2.35 cm length is 58.75. Therefore, in the example 
given, the length of wire of each coil assembly for 
each flux area can be easily calculated by multiply- 
ing 58.75 by the number of layers of the coil 
assembly, pi. and the inner diameter of the coil 
assembly. Thus, for the inner coil assembly 44a 
the co»l length is calculated as (58.75 " 2 ' pi * 
0.0278 =) 10.26 m., for the intermediate coil as- 
sembly 44b. the coil length is calculated as (58.75 ' 
5 ' pi ' 0.0628 =) 57.95 m., while for the outer coil 
assembly 44c the coil length is calculated as 
(58.75 • 3 • pi • 0.0991 =) 54.9 m. 

Using the above values the maximum amount 
of current per strut assembly can be easily cal- 
culated using Lenz's Law defined in equation (9) 
above. For the inner coil assembly the cross* prod- 
uct L x B IS calculated by adding together the L x 
B cross product in all four flux areas: 
(L x B). = 10.26 (m) * (0.75 + 0.9 + 0.9 + 0.75 
(Teslai) = 33.86 

For the intermediate coil assembly the product L x 
B is similarly calculated: 

(LxB)2 = 57.95 (m) • (0.75 ^ 1.15 + 1.15 + 0.75 
(Tesla)) = 220.21. 

For the outer coil assembly the product L x B is 
calculated as follows: 

(L X B)3 = 54.9 (m) ' (075 + 0,9 + 0.9 + 0.75 
(Tesla)) = 181.17. 

By summing the values of L x 8 for the three 
coil assemblies, the coil current can then be deter- 
mined for the maximum force of 0.91 g 
i = F(newtons).((L x B)i + (Lx 8)2 (L x 8)3) 
= 1729.14435.24 = 3.97 amps. 

As Shown in Fig. 7. there are four parallel coil 
circuits, each requiring 3.61 amps. The total current 
required is then: 
3.61 amps x 4 = 15.89 amps. 

Thus, the peak current of 15.89 amps per strut 
assembly is needed in order to keep a Corvette 
level to the road through a 0.91 g turn, within the 16 
amp limit descnbed above. Based on the above 
dimensions the size of each element of the strut 
assembly can be determined and the weight of the 
strut assembly calculated. It was initially deter- 
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mined that the entire weight of the strut assembly 
is approximately 27.67 kg. with the weight of the 
magnets contributing 1.44 kg. This results in a 
substantial reduction in the amount of current re- 

5 quired to provide the necessary restorative forces. 
In addition, the amount of magnetic material, and 
therefore the overall costs and weight of the linear 
actuator, are reduced by having the core member 
and cylinders 54 and 56 constructed so that they 

10 move together (as opposed to having the core 
member moveable relative to the magnetic material 
as provided in the linear actuator of the active 
suspension system of the Prior Application). 

It should be appreciated that the while the 

IS linear actuator assembly has been described as a 
strut assembly for use in a vehicle, the assembly 
has many other applications where a relatively 
large output force is provided by the force transmit- 
ting member (core member 52) in response to a 

20 relatively small current. In such other applications 
the LVDT 18 and accelerometer 20 may be omitted 
and the control current derived in a manner de- 
pending upon the particular application. In addition, 
any suitable means can replace the coupling 

25 means 22 and hub assembly 12. for coupling the 
opposite ends of the linear actuator assembly 10 
between two objects, depending on the application 
of the actuator assembly. 

In addition the actuator assembly can be de- 

30 signed to provide a torque as in the case of an 
angular actuator. As shown in Fig. 8. such an 
angular actuator would be substantially identical to 
the linear actuator, except that the axis of relative 
movement 34a and all of the parts of the actuator 

35 are designed to curve about a center of curvature 
100 at a radial distance R. The angular actuator 
can easily be used for example to rotate a lever 
arm 102 about an axis 104 (normal to the plane of 
Rg. 8), by attaching the arm to one of the cylin- 

40 drical assemblies 30a or 32a of the angular ac- 
tuator (shown in the drawing as being attached to 
assembly 30a) and having the other cylindrical 
assembly fixed to a base structure 106. The control 
signal can then be used to control the amount of 

45 relative movement of the inner and outer cylindrical 
assemblies 30a and 30b along the axis 34a. 

Claims 

50 

1 . An actuator assembly comprising: 

(A) a first member defining an axis of relative 
movement; 

(B) magnetic circuit means for defining a 
55 magnetic circuit, said magnetic circuit means being 

movable relative to said.-first member along said 
axis, wherein said magnetic circuit means includes 
magnet means for establishing substantially con- 

8 
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Slant flux through each of a plurality of magnetical- 
ly conductive cylindrical sections axially spaced 
relative to one another along said axis so that flux 
is radially directed through at least one of said 
cylindrical sections in an inward radial direction and 
flux is radially directed through the other of said 
cylindrical sections in an outward radial direction; 

(C) at least one electrically conductive coil 
assembly including at least one coil having a plu- 
rality of turns, said coil being coaxially positioned 
with said axis and extending through said radially 
directed flux of each of said cylindrical sections so 
that (I) a portion of said coil extends through the 
radially directed flux from each corresponding cy- 
lindrical section, and (ii) the current flowing through 
turns of each said portion of said coil flows sub- 
stantially perpendicular to the corresponding radi- 
ally directed flux; and 

(D) means for applying a control signal to 
the portion of the coil extending through the flux 
from each of the sections so that (a) the direction 
of the flow of current of the control signal through 
the portions of the coll extending through the flux 
directed in an inward radial direction is opposite to 
the direction of current of the control signal through 
the portions of the coil extending through the flux 
directed in an outward radial direction and (b) the 
force applied along the axis between the first mem- 
ber and said magnetic means in response to the 
flux/current cross-product of each of the cylindrical 
sections and corresponding portions of coil are 
additive. 

2. An assembly according to claim 1. wherein 
said magnet means are disposed so that said flux 
is radially directed through said cylindrical sections 
in directions which alternate between an inward 
radial direction and an outward radial direction be- 
tween adjacent cylindrical sections. 

3. An assembly according to claim 2. wherein 
said magnet means includes at least two cylindrical 
magnets axially spaced from one another along 
said axis, wherein the north and south poles of 
each of said magnets are radially spaced from one 
another. 

4. An assembly according to claim 3, wherein 
said magnetic circuit means further includes at 
least two cylindrical magnetically conductive ele- 
ments each being axially positioned adjacent a 
corresponding one of said magnets so as to define 
a return flux path for the flux generated by the 
corresponding magnet. 

• 5. An assembly according to claim 4, wherein 
said one coil is at least partially disposed within 
said cylindrical sections between said sections and 
said first member, and said coil assembly includes 
at least one other coil having a plurality of turns, 
said one other coil being coaxially positioned with 
said axis and said cylindrical sections being dis- 



posed within at said other coil, said one other coil 
at least partially extending through said radially 
directed flux of each of said cylindrical sections so 
that (i) a portion of said one other coil extends 

5 through the radially directed flux from each cor- 
responding cylindrical section, and (ii) the current 
flowing through turns of each said portion of said 
one other coil flows substantially perpendicular to 
the corresponding radially directed flux. 

10 6. An assembly according to claim 5. further 
comprising a cylindrical element disposed coaxial 
with said axis around at least a part of said one 
other coil, said cylindrical element including mag- 
netically conductive material for defining a return 

IS path for said flux directed in an outward radial 
direction. 

7. An assembly according to claim 6, wherein 
said magnetic circuit means includes a core ele- 
ment of a magnetically conductive material for de- 

20 fining a return path for said flux directed in an 
inward radial direction. 

8. An^ assembly according to claim 7, wherein 
said means for applying said control signal in- 
cludes a plurality of brushes secured to said mag- 

25 netic circuit means and positioned so that a pair of 
brushes contact opposite ends of each of said 
portions of said coil so as to determine the direc- 
tion of flow of said current through each of said 
portions of said coil. 

30 9. An assembly according to claim 1. wherein 
said said magnetic circuit means includes second 
magnet means for establishing substantially con- 
stant flux through each of a second plurality of 
magnetically conductive cylindrical sections axially 

35 spaced relative to one another along said axis and 
radially spaced from the corresponding plurality of 
magnetically conductive cylindrical sections so that 
flux Is radially directed through some of said cylin- 
drical sections of said second plurality in an inward 

40 radial direction coincident with the corresponding 
inwardly radially directed flux provided by said first 
magnet means and flux is radially directed through 
the other of said cylindrical sections of said second 
plurality in an outward radial direction coincident 

45 with the corresponding outwardly radially directed 
flux provided by said first magnet means. 

10. An assembly according to claim 9. wherein 
said first and second magnet means each includes 
at least two cylindrical magnets axially spaced from 

50 one another along said axis with the twpjnagnets 
of said first magnet means being radially spaced 
from the two corresponding magnets of said sec- 
ond magnet means, wherein the north and south 
poles of each of said magnets are radially spaced 

55 from one another. 

11. An assembly according to claim 10. 
wherein said magnetic circuit means further in- 
cludes at I ast two cylindrical magnetically conduc- 
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tive elements each being axially positioned adja- 
cent a corresponding one said magnets of each of 
said first and second magnet means so as to 
define a return flux path for the flux generated by 
the corresponding magnet. 

12. An assembly according to claim li. 
wherein said one coil is at least partially disposed 
within said cylindrical sections of said first magnet 
means between said cylindrical sections and said 
first member, and said coil assembly includes at 
least two other coils having a plurality of turns, said 
two other coils being coaxially positioned with said 
axis so that at least part of one of said other coils 
is disposed between said first and second magnet 
means and the cylindrical sections of said first and. 
second magnet means are disposed within the 
second of said other coils, both of said other coils 
at least partially extending through said radially 
directed flux of said cylindrical sections so that (i) a 
portion of said each of said other coils extends 
through the radially directed flux from a corre- 
sponding cylindrical section of said first and sec- 
ond magnet means, and (ii) the current flowing 
through turns of each said portion of said other 
coils flows substantially perpendicular to the cor- 
responding radially directed flux. 

13. An assembly according to claim 12. further 
comprising a cylindrical element disposed coaxial 
with said axis around at least a part of said two 
other coils and said first and second magnet 
means, said cylindrical element including mag- 
netically conductive materiat for defining a return 
path for said flux directed in an outward radial 
direction. 

14. An assembly according to claim 13, 
wherein said magnetic circuit means includes a 
core member comprising magnetically conductive 
material for defining a return path for said flux 
directed in an inward radial direction. 

15. An assembly according to claim 1. further 
including means for coupling said coil assembly to 
said first member so that said coil assembly is 
movable relative to said magnetic circuit means. 

16. An assembly according to claim 1, wherein 
said magnetic circuit means and said first member 
are constructed so as to be movable relative to 
said first member along said axis of relative move- 
ment so that said ax[s^ is curved about a center of 
curvature at a distance R from said center so that 
said assembly functions as an angular actuator. 

17. An assembly according to claim 16, 
wherein said magnetic circuit means and said first 
member are constructed so as to be movable 
relative to said first member along said axis so that 
said axis is linear and said assembly functions as a 
linear actuator. 

18. An actuator assembly comprising: 
a first assembly: 



a second assembly movable relative to said first 
assembly for a predetermined length along an axis 
. of relative movement: and 
means for applying a control signal to said actuator 

s assembly for controlling tha relative movement of 
said first and second assemblies: 
wherein said first assembly includes, at least one 
electrically conductive coil mounted substantially 
coaxial to said axis and having an axial length at 

10 least equal to said predetermined length: 

said second assembly includes magnetic circuit 
means for defining a magnetic circuit, said mag- 
netic circuit means being movable relative to said 
coil along said axis of relative movement, wherein 

IS said magnetic circuit meians includes magnet 
means for establishing substantially constant flux 
through each of a plurality of cylindrical sections of 
said coil axially spaced relative to one another 
along said axis so that flux is radially directed 

20 through at least one of said cylindrical sections of 
said coil in an inward radial direction and flux is 
radially directed through the other of said cylin- 
drical sections of said coil in an outward radial 
direction; and 

25 said means for applying said control signal applies 
said control signal to said cylindrical sections of 
said coil so that (a) the direction of the flow of 
current of the control signal through the cylindrical 
sections of the coil extending through the flux di- 

30 rected in an inward radial direction is opposite to 
the direction of current of the control signal through 
the cylindrical sections of the coil extending 
through the flux directed in an outward radial direc- 
tion and (b) the magnetic force applied between 

35 said first and second assemblies along the axis in 
response to the f I ux; current cross-product provided 
by each of the cylindrical sections of the coil and 
corresponding flux are additive. 

19. An actuator assembly comprising: 

40 a first assembly: and 

a second assembly movable relative to said first 
assembly along an axis of relative movement in 
. response to a control signal, said second assembly 
comprising magnetic circuit means for defining ra- 

45 dially directed flux both in an inward and outward 
direction relative to said axis of relative movement, 
and a coil disposed in the flux paths; and 
means for applying said control sigoal to sai^djcpil 
so that a current can be applied in one direction 

50 through those portions of the coil disposed in the 
inward radially directed flux, and applied in the 
opposite direction through those portions of the 
coils disposed in the outwardly directed flux so that 
the flux/current force applied between said first and 

S5 second assemblies is additive. 
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